INTRODUCTION
Perception of sights, sounds, and smells requires that sensory systems deal with enormous changes in input signals. For example, we can see over a range of light levels a billion times greater than the range of output signals retinal neurons can produce. Even the range of intensities within a single visual scene often exceeds the number of distinct neural signals. Early sensory processing relies on adaptational mechanisms that match the range of input signals encountered to the range of distinct neural output signals (reviewed by Matthews and Reisert, 2003; Vollrath et al., 2007) .
The ability of adaptation to promote efficient sensory coding depends on the extent to which it integrates over space and/or time. Too much integration raises a risk that spatially local or temporally rapid changes in input will saturate neural responses. Too little integration fails to smooth out neural noise, causing gain to fluctuate wildly. These general considerations are particularly prominent for rod vision at low light levels, where gain is controlled even when photons arrive rarely at individual rods. Single-photon responses traverse the mammalian retina through the rod bipolar pathway (rod photoreceptors / rod bipolar cells / AII amacrine cells / cone bipolar cells / ganglion cells; Dacheux and Raviola, 1986; Sterling et al., 1988; Deans et al., 2002; Volgyi et al., 2004 ; Figure 1A ). Convergence is a salient feature of this pathway ( Figure 1B ). This convergence causes stimuli that produce minute signals in a small fraction of the individual rods to threaten to saturate responses of downstream cells. Adaptational mechanisms operating in the circuitry prevent such saturation; the synapse between rod bipolar and AII amacrine cells is a key site of such circuit adaptation .
Multiple mechanisms at the rod bipolar-to-AII amacrine synapse could contribute to adaptation, including the following: (1) a reduction in gain of presynaptic transmitter release, (2) a reduction in synaptic gain due to feedback inhibition from amacrine cells, (3) a reduction in the gain of postsynaptic integration in the AII amacrine cell. The broad goal of the work described here is to provide a correspondence between the functional properties that determine the effectiveness of adaptation and the synaptic mechanisms responsible.
Simultaneous recordings from pairs of synaptically connected rod bipolar and AII amacrine cells indicated that the gain control mechanism integrates over $20 rods. Gain control integrated temporally for <500 ms, much faster than the seconds or minutes timescale of other adaptational mechanisms (reviewed in Barlow, 1972) . From the low background levels that reduce gain, we infer that the gain control operates with single-photon inputs. We tested this idea directly using pairs of dim flashes to induce gain changes; the properties of paired-flash depression were consistent with gain changes induced by steady background light. Thus, single-photon responses traversing the rod bipolar-to-AII amacrine synapse evoke transient synaptic depression, and this reduction in synaptic gain extends the operational range of rod vision. The control of gain by single photons makes gain subject to the irreducible statistical variations in photon arrival but also protects highly amplified synaptic responses from saturation.
RESULTS
The results below are divided into three main sections: (1) characterization of the properties of gain changes induced by background light, (2) characterization of the interaction between pairs of dim flashes delivered in darkness, and (3) exploration of the connection between background adaptation and pairedflash depression.
Paired Recordings Demonstrate Gain Control at the Synapse between Rod Bipolar and AII Amacrine Cells
We tested directly for adaptation at the rod bipolar-to-AII amacrine synapse by measuring how synaptic gain depended on background light. We delivered brief depolarizing current pulses to a current-clamped rod bipolar cell while recording the resulting postsynaptic responses in a voltage-clamped AII amacrine cell ( Figure 2A) . Figures 2B and 2C show four individual synaptically evoked responses in an AII amacrine cell in darkness and in the presence of a background light that approximately halved the response to a light flash (background intensity of one photon absorption per rod per second [Rh*/rod/s]). Thick traces show average synaptic responses; these are also overlaid in Figure 2D . Background light reduced the amplitude of the synaptically evoked response, providing direct evidence for gain control at the rod bipolar-to-AII amacrine synapse.
To compare synaptic gain changes with those of light responses, we interleaved dim flashes with electrical pulses. We defined flash or pulse gain (Flash or Pulse G/G dark ) as the amplitude of the flash or pulse response normalized to that in darkness. Background light reduced the gain of both the AII amacrine flash (Flash G/G dark = 0.39) and synaptic responses (Pulse G/ G dark = 0.54; black closed circles in Figure 2E ; see Figure 2 legend for statistics). The smaller reduction in synaptic gain may be due to rundown of the light response in the rod bipolar cell used to probe synaptic gain compared to the other, unperturbed, rod bipolar cells used to probe flash response gain.
Gain Control Is Spatially Localized
Gain control at the rod bipolar-to-AII amacrine synapse could be mediated locally at each synapse or globally across synapses, e.g., through feedback from a wide-field amacrine cell. The experiment of Figures 2A-2D does not distinguish between local and global mechanisms because the voltage of all rod bipolar cells, including the recorded rod bipolar cell, changed in concert. To distinguish between local and global gain controls, we prevented the recorded rod bipolar cell from changing its voltage in response to the background light while leaving all the other presynaptic rod bipolar cells responsive to light. If the mechanism operates locally at the synapses between a single rod bipolar and AII amacrine cell, then synaptic gain changes should be eliminated because the presynaptic rod bipolar cell we electrically stimulate is ''blind'' to background light. Alternatively, if signals from multiple rod bipolar cells are combined and used to control the gain of individual synapses, then background light should continue to reduce gain when the presynaptic rod bipolar cell voltage is held fixed.
Figures 2F-2I show the effect of background light on the gain of signal transfer between a voltage-clamped rod bipolar cell and an AII amacrine cell. Figures 2G and 2H show four individual responses of the AII amacrine cell to depolarization of the rod bipolar cell in darkness and in the presence of background light (intensity 1 Rh*/rod/s). Figure 2I overlays average AII amacrine cell responses with and without the background. Voltage-clamping the presynaptic rod bipolar cell eliminated the gain changes induced by background light.
Similar to the previous experiment, flashes were interleaved with electrical pulses. Figure 2E summarizes the effect of background light on the gain of flash-evoked and synaptically evoked responses (open circles; see Figure 2 legend for statistics). Gain changes were similar in flash-evoked responses whether the presynaptic rod bipolar cell was current clamped (Figures 2A-2D ; Flash G/G dark = 0.39 in Figure 2E ) or voltage clamped (Figures 2F-2I ; Flash G/G dark = 0.36 in Figure 2E ). This is expected because the voltage clamp affects only one of $25 rod bipolar inputs to an AII amacrine cell. However, changes in the gain of synaptically evoked responses were nearly eliminated when the presynaptic rod bipolar cell was voltage clamped (Pulse G/ G dark = 0.91 in Figure 2E ). These results indicate that the gain of each rod bipolar-to-AII amacrine cell synapse is primarily controlled locally, without substantial influence from nearby rod bipolar cells.
Gain Control Is a Feedforward Mechanism
Local control of the gain of the rod bipolar-to-AII synapse could be implemented by a feedforward property of the synapse or by an amacrine cell that receives input from and provides a confined (B) Estimates of convergence and the light levels in photon absorptions per second (Rh*/s) within the receptive field of each cell at the onset of adaptation. With spatial integration, the number of photons available to control adaptation increases at each stage of processing. Electrical coupling between AII amacrine cells is not depicted but is expected to increase rod input to AII amacrines 4-fold . feedback signal to the same rod bipolar cell. The GABAergic A17 amacrine cell, in particular, has been implicated in regulating vesicle release at the rod bipolar synaptic terminal (Li et al., 2002) . Further, Chavez et al. (2006) suggest that reciprocal feedback between the A17 amacrine cell and rod bipolar cell may be compartmentalized to maintain synapse specificity, thus satisfying the requirement for a local mechanism.
To investigate the involvement of inhibitory amacrine cells, we compared background-induced gain changes before and after blocking GABA and glycine receptors. The drugs used were effective in blocking feedback to rod bipolar cells as judged by the elimination of inhibitory postsynaptic currents in rod bipolar cells held at 0 mV (data not shown). We examined the effect of blocking inhibition on the responses of both AII amacrine cells and ON ganglion cells, which exhibit similar background-dependent gain changes . Figures 3A and 3B show flash responses of an AII amacrine cell and an ON ganglion cell in darkness and in the presence of a background of 1 Rh*/rod/s under control conditions (black) and with GABA/glycine receptors blocked (gray). Background-induced gain changes persisted with GABA/glycine receptors blocked; indeed, in some cases, such as in Figures 3A and 3B , gain changes increased, an observation we return to below in describing paired-flash depression. Figure 3C collects results from multiple AII amacrine cells and ganglion cells; average gain changes did not differ significantly with and without GABA/glycine receptors blocked (see Figure 3 legend for statistics). Individual cells show considerable spread about the mean behavior, some of which is attributed to uncertainty in measuring gain. The persistence of gain control in the absence of GABA/glycine-mediated inhibition suggests that it is largely or entirely a feedforward property of the rod bipolarto-AII amacrine synapse.
Temporal Properties of Gain Control
We examined the kinetics of gain control by delivering brief flashes of light at different times relative to a background step (see Stimulus trace in Figure 4 ). Gain control operated within a few hundred milliseconds. Figure 4A shows the response of an AII amacrine cell to the background step alone. Figure 4B shows responses to flashes superimposed on the background, and Figure 4C shows the flash responses after subtracting the average background step response. The gradual decrease (increase) in the response amplitude following the onset (offset) of the background indicates the time course of gain control.
To quantify the kinetics of adaptation onset and offset, the amplitude of each isolated flash response ( Figure 4C ) was normalized by the amplitude of the flash response in darkness. These normalized amplitudes were plotted against time and fit with a single exponential ( Figure 4D 
Gain Modulated by Single Photons: Paired-Flash Depression
We found previously that gain control becomes prominent for backgrounds producing 0.2-0.3 Rh*/rod/s . The paired rod bipolar-AII amacrine cell recordings ( Figure 2 ) indicate that the gain control mechanism integrates signals from the $20 rods that provide input to a single rod bipolar cell. The rapid gain changes following background onset and offset (Figure 4) indicate that the integration time is 100-200 ms. Together, these results imply the gain control operates with $1 Rh* per integration area per integration time (Rh*/S space /S time ). The elimination of a substantial fraction of the rod's single-photon responses by a nonlinearity at the rod-to-rod bipolar synapse (Field and Rieke, 2002; Berntson et al., 2004) will lower this estimate.
The calculation above predicts that each single-photon response traversing the rod bipolar-to-AII amacrine cell synapse reduces synaptic gain for a few hundred milliseconds. We tested this hypothesis directly by delivering pairs of brief flashes and determining whether the first flash changed the gain of the response to the second flash. Figure 5A shows the response of an AII amacrine cell to two flashes separated by 100 ms. The gray and dashed lines show interleaved single flashes delivered at early and late times. Pairs of flashes were delivered for a range of time separations ( Figures 5A-5D ). For short separations, the response to the second pulse was diminished relative to the first, an indication of paired-flash depression. This effect diminished for separations exceeding a few hundred milliseconds.
We calculated the effect of the first flash on the response to the second flash by subtracting the response to the first flash alone from the response to the pair of flashes and comparing the amplitude of the result to that of the response to the second flash alone (see Experimental Procedures). Figure 5E summarizes the normalized gain as a function of flash separation (gray crosses for individual trials, and black closed circles for averages). As a control, we calculated the normalized gain for the first flash in the pair, which, on average, should be 1 (points at 0 s in Figures 5E and 5F). Gain changes at flash strengths of 5 Rh*/rod bipolar ( Figure 5E ) and 1.4 Rh*/rod bipolar ( Figure 5F ) were fit with a single exponential with a time constant of $85 ms (see Figure 5 legend). The kinetics of paired-flash depression provide another estimate of the kinetics of the offset of gain control, comparable to that obtained from light steps ( Figure 4D ).
The nonlinearity at the rod-to-rod bipolar synapse causes the number of effective photon absorptions to be less than that based on simple convergence (see Experimental Procedures); thus, the flashes in Figure 5F produced 0.3-0.7 Rh* effective /rod bipolar. The persistence of paired-flash depression for these dim flashes indicates that each effective photon absorption in the rod bipolar receptive field reduces the gain of the AII amacrine cell response for $100 ms.
Properties of Paired-Flash Depression
Next we compared the site and properties of paired-flash depression and background adaptation. If the same mechanism mediates paired-flash depression and the background adaptation characterized in Figures 1-4 , paired-flash depression should occur at the rod bipolar-to-AII amacrine cell synapse. To test this prediction, we compared paired-flash depression in rod bipolar cell responses with that in AII amacrine cell responses. Figure 6A shows voltage responses of a rod bipolar cell to flashes (5 Rh*/ rod bipolar) separated by 100 ms. Figure 6B compares the normalized gain as a function of flash separation for the rod bipolar cell currents (closed triangles) and voltages (open triangles) and for the AII amacrine cell currents (closed circles and fit from Figure 5E ). Neither the rod bipolar currents nor voltages showed significant paired-flash depression. The absence of paired-flash depression in the rod bipolar input currents and output voltages and presence in the AII amacrine cell input currents locate paired-flash depression to the rod bipolar-to-AII amacrine cell synapse.
To determine whether paired-flash depression required inhibitory synaptic input, we delivered pairs of flashes with GABA and glycine receptors blocked ( Figures 6C and 6D ). Suppressing GABA/glycine receptors affected response kinetics and enhanced overall response amplitude ( Figure 6C ) but failed to eliminate depression induced by a pair of flashes (compare red and black circles in Figure 6D ). Paired-flash depression was instead exacerbated without GABA and glycinergic inhibition, similar to the gain changes induced by steady background light in some cells (points below equality line in Figure 3C ). These results indicate that pairedflash depression is a feedforward property of the synapse, like the gain control induced by steady background light (Figure 3) .
Paired-flash depression could reflect a decrease in glutamate concentration in the synaptic cleft or a decreased sensitivity of Example current responses of (A) an AII amacrine cell and (B) an ON ganglion cell to flashes in darkness and with a background producing 1 Rh*/rod/s under control conditions (black) and blockade of GABA A , GABA C , and glycine receptors (10 mM gabazine, 50 mM TPMPA, 5 mM strychnine). Current responses (pA) were normalized by the flash strength in Rh*/rod. (C) AII amacrine (n = 25) and ON ganglion cell (n = 25) gain normalized to the gain in darkness for control conditions and GABA/glycine receptor blockade conditions are similar, indicating that inhibitory synaptic inputs do not mediate background-induced gain changes. The ratio of G/G dark under blockade of GABA/ glycine receptors to control conditions was 1.02 ± 0.08 (mean ± SEM) for AII amacrine cells and 1.12 ± 0.07 for ganglion cells. postsynaptic currents to released transmitter due to desensitization or saturation of postsynaptic glutamate receptors. To distinguish between these possibilities, we compared the effect of weak and strong glutamate receptor antagonists on paired-flash depression. Rapidly dissociating weak antagonists minimize the effects of receptor desensitization and saturation, unlike slowly dissociating strong antagonists (see Experimental Procedures). Thus, if synaptic depression occurs by a decrease in glutamate concentration, it should persist in the presence of both weak and strong receptor antagonists. If depression occurs by receptor desensitization or saturation, it should be decreased by the weak (but not strong) antagonist. Figure 6E shows that both weak and strong glutamate receptor antagonists (kynurenic acid and NBQX) had little effect on paired-flash depression. We blocked GABA and glycine receptors in these experiments to eliminate the confounding effect of altering inhibition by suppressing glutamatergic transmission to amacrine cells. Both weak and strong glutamate antagonists also had little effect on gain changes produced by steady background light ( Figure 6F ). Thus, neither desensitization nor saturation of postsynaptic receptors appears to contribute substantially to gain control; consistent with this result, recovery of AII amacrine AMPA receptors from desensitization (Veruki et al., 2003) is approximately five times faster than recovery from paired-flash depression. Instead, the lack of effect of glutamate receptor antagonists indicates that changes in glutamate concentration, likely due to changes in transmitter release, cause paired-flash depression and adaptation to background light.
Paired-Flash Depression Predicts Background-Induced Gain Changes
Can paired-flash depression explain the gain changes induced by steady background light? To answer this question, we predicted the effect of steady background light on gain using the measured amplitude and kinetics of paired-flash depression.
The predicted gain changes made two assumptions: (1) gain changes occur independently in each rod bipolar cell (demonstrated in Figure 2 ), and (2) the absorption of 1 Rh*/rod bipolar is enough to induce depression in the response to a subsequent flash delivered within a certain time window (demonstrated in Figure 5F ). Figure 7 illustrates the gain model. Background light produced a train of randomly timed photon events; probe stimuli delivered periodically monitored gain ( Figure 7A ). Figure 7B plots the predicted gain over time, assuming that gain following each photon absorption recovered exponentially with a 85 ms time constant. The gain of the measured flash responses will depend on the relative timing of probe stimuli (arrows) and background photon events ( Figure 7C ). On average, backgrounds producing 1 Rh*/rod/s halved the gain of flash responses (G/G dark = 0.47; Figure 7D ). For comparison, responses in darkness are shown in gray. Figure 7E compares the background dependence of the predicted gain changes from paired-flash depression (gray) with the measured gain changes in ganglion cells (black circles, similar to those in AII amacrine cells; data from . The predictions fail to capture the increase in gain for weakest backgrounds but are otherwise in good agreement with experimental results. This correspondence holds for backgrounds up to 1 Rh*/rod/s; at brighter backgrounds, rod photoreceptors adapt. Because the interaction between receptor and network gain control mechanisms is unknown, we did not predict gain at brighter backgrounds. The ability of paired-flash depression to account for adaptation produced by steady background lights provides another line of evidence that background adaptation is mediated by depression of the rod bipolar-to-AII amacrine synapse following transmission of a single-photon response.
DISCUSSION
We examined the functional properties of gain control at the rod bipolar-to-AII amacrine synapse by measuring how background light changed the AII amacrine flash response and the synaptic gain. We found that gain is controlled independently at each rod bipolar-to-AII amacrine cell synapse and that each single-photon response traversing the synapse reduces gain for 100-200 ms. Thus, at these light levels, adaptation is controlled by the division of light into discrete photons, and synaptic gain is modulated by the irreducible quantal fluctuations in photon absorption. Below, we discuss what properties of the rod bipolar pathway are specialized for transmission of single-photon responses and why the rod bipolar-to-AII amacrine synapse is a necessary location for gain control. We consider the consequences of minimal spatial and temporal integration in gain control as well as how these properties may be relevant for encoding and viewing statistics. Finally, we consider possible mechanisms underlying gain control.
Strategies for Transmitting Single-Photon
Responses through the Rod Bipolar Pathway: Amplification and Convergence Rod photoreceptors generate highly amplified responses to single-photon absorptions. Two issues make reliable transmission of these signals a challenge. First, at low light levels, convergence threatens to obscure signals from the few rods absorbing photons with noise from the remaining rods. A thresholding nonlinearity at the rod-to-rod bipolar synapse serves to retain selectively signals from those rods absorbing photons, thus substantially improving the signal-to-noise ratio of the rod bipolar responses (Field and Rieke, 2002) . Second, downstream of the rods, noise introduced by elements of the rod bipolar circuitry threatens to swamp the small responses to single absorbed photons. Amplification at the rod bipolar-to-AII amacrine synapse (Pang et al., 2004) helps mitigate the impact of these downstream noise sources. Thus, a flash producing 1 Rh*/rod bipolar (0.25-0.5 Rh* effective /rod bipolar) produces a barely discernible response in a rod bipolar ($3% of maximal response) but produces a nearly half-maximal response in an AII amacrine cell ( Figures 8A-8C) .
Consistent with its high amplification, the rod bipolar-to-AII amacrine synapse is the element of the rod bipolar pathway most threatened by saturation at low light levels . Indeed, as light levels increase, the threat of saturation arises as soon as more than one photon is absorbed in the collection of rods providing input to a rod bipolar cell within the $200 ms integration time for rod signals. Thus, the gain of the synaptic inputs to the AII amacrine cell input must be controlled to prevent saturation of the AII amacrine cell and downstream retinal neurons.
Consequences of Controlling Gain with Single Photons
While gain control at the rod bipolar-to-AII amacrine cell synapse is required to avoid saturation, nothing about the amplification of signals at the synapse indicates how many photons are required for the adapting signal. For example, the gain control mechanism could, in principle, rely on a wide-field amacrine cell that integrates photon absorptions over a spatial region larger than the rod bipolar cell. Greater integration would increase the reliability of signal controlling adaptation. To prevent saturation of the rod 
Neuron
Single Photons Reduce Gain in the Retina bipolar-to-AII amacrine synapse, such a mechanism would likely need to operate on transmitter release or on postsynaptic receptors rather than on the integration of synaptic inputs by the AII amacrine cell. Consistent with this view, electrical coupling between AII amacrine cells, which influences synaptic integration, contributes minimally to gain control at the rod bipolar-to-AII amacrine synapse (Figure 8 in . We find that gain control at the rod bipolar-to-AII amacrine cell synapse is a spatially localized, rapid mechanism that operates with single photons. The reduction of gain for single-photon absorptions implies gain will be inherently noisy. In particular, the random arrival of individual photons at a nominally constant background intensity will necessarily produce fluctuations in gain ( Figure 7C , compare last five flash responses). This presents a different view of gain control than the more common examples of a volume control on a radio or exposure setting on a camera. In particular, rather than acting deterministically, synaptic gain fluctuates rapidly. Gain fluctuations add to the other sources of noise and compound the challenges facing the visual system at low light levels.
Noisy gain control seems a poor strategy for reliably representing the world around us. Noise is an obvious drawback of limited spatial and temporal integration, but this limited integration is not without benefits. For example, gain control presents an opportunity to weight responses according to their reliability (Rudd and Brown, 1996; Brown and Rudd, 1998) . The properties of gain control at the rod bipolar-to-AII amacrine synapse cause the noise in the AII amacrine responses to be relatively independent of background , instead of increasing with increasing background as expected from quantal fluctuations in photon absorption. Thus, signals from nearby rod bipolar cells stimulated with different photon fluxes will be subject to independent gain controls that approximately equate their noise. This effective normalization of rod bipolar inputs implies that noise in the integrated signal produced in the AII amacrine cell will be efficiently reduced by averaging across rod bipolar inputs rather than being dominated by a few inputs with high noise (e.g., due to high photon fluxes).
The short temporal integration of gain control makes sense considering how we view visual scenes. Saccades occur every 100-400 ms during free viewing of natural scenes and in darkness (results reported in cat; Maldonado and Babul, 2007) , thereby setting a limit on the relevant temporal integration of local light stimuli. Additional integration, while producing a more reliable signal, makes adaptation inappropriate once the eyes have moved to a new location.
Possible Mechanisms Underlying Paired-Flash Depression and Background-Induced Gain Changes
Manipulation of glutamate receptors on AII amacrine cells suggested that paired-flash depression was due to changes in presynaptic vesicle release. Previous work at the rod bipolar-to-AII amacrine synapse, using presynaptic electrical stimulation rather than flashes of light, also suggests that a presynaptic mechanism underlies paired-pulse depression (von Gersdorff and Matthews, 1997; Singer et al., 2004; Singer and Diamond, 2006) . This mechanism could involve vesicle depletion (von Gersdorff and Matthews, 1997; Singer and Diamond, 2006) , changes in vesicle release through a neurotransmitter such as dopamine affecting intracellular calcium levels (Heidelberger and Matthews, 1994) , or direct modulation of presynaptic calcium channels (Palmer et al., 2003) .
To test further the possibility that presynaptic mechanisms underlie depression, one could modulate the rod bipolar release probability by reducing extracellular calcium locally (so as not to affect transmitter release from the rod photoreceptors). For a presynaptic mechanism, paired-flash depression is expected to decrease, similarly to results reported for paired-pulse depression (Singer et al., 2004) .
Electrically evoked paired-pulse depression cannot be compared directly with our light-evoked paired-flash depression because the synaptic signals are very different; nonetheless, there are similarities. Paired-pulse depression reduces the second postsynaptic response by $50% for intervals of less than 100 ms , consistent with our measurements in Figure 5 . In addition, one component of paired-pulse depression recovered with a time constant of $200 ms, roughly similar to the time constant characteristic of paired-flash depression. Thus, the presynaptic mechanisms underlying paired-pulse depression measured with electrical pulses may underlie pairedflash depression.
What is the connection between paired-flash depression and gain changes with steady background light? We have located Results and fit shown previously in . Overlaid in gray is the gain change prediction made by paired-flash depression induced by a single photon. Prediction was for backgrounds dimmer than at which rod photoreceptor adaptation began.
the mechanism for paired-flash depression to the rod bipolarto-AII amacrine cell synapse ( Figures 6A and 6B ), a key site for adaptation produced by background light . Furthermore, neither paired-flash depression nor backgroundinduced gain changes require GABA or glycine receptors (Figures 3, 6C and 6D ), suggesting the mechanism(s) is a feedforward property of the rod bipolar-to-AII amacrine cell synapse. Inhibition contributes to this signaling pathway, as evidenced by the slower and larger responses of the AII amacrine cell under blockade of inhibitory receptors (compare red to black traces in Figure 6C ). The exacerbation of paired-flash depression ( Figures  6C and 6D ) may result if, for example, inhibition plays a role in preventing vesicle depletion by truncating the light-induced depolarization of the rod bipolar synaptic terminal (Dong and Hare, 2003) . The similarities in location, feedforward properties, presynaptic mechanisms, and the ability of paired-flash depression to predict gain changes induced by steady background light suggest that the regulation of transmitter release serves light adaptation at low light levels. In other parts of the nervous system, synaptic depression also underlies adaptation, for example in the mammalian cortex and avian auditory brainstem (Abbott et al., 1997; Tsodyks and Markram, 1997; Cook et al., 2003) .
The spatial, temporal, and mechanistic properties of gain control at the rod bipolar-to-AII amacrine synapse indicate that a single photon modulates gain. In a limited sense of efficient coding, this adaptive mechanism, subject to fluctuations in the stimulus, fails to produce reliable signals. However, in considering natural vision, this adaptive mechanism seems appropriate. The spatial inhomogeneity of a natural scene requires minimal spatial integration so as not to degrade the resolution necessary to pick out the locations of photons in a dark environment. Likewise, natural eye movements impose constraints on temporal integration. These spatial and temporal constraints on natural vision perhaps dictate that an efficient, perceptually meaningful control of gain acts locally and rapidly on single photons.
EXPERIMENTAL PROCEDURES Tissue
We recorded from mouse (C57BL/6) retinas. Mice were dark-adapted for 12 hr, and the retinas were isolated under infrared light (R950 nm) following procedures approved by the Administrative Panel on Laboratory Animal Care at the University of Washington.
Recording Procedures
Rod bipolar cells and AII amacrine cells were recorded in retinal slices as previously described (Field and Rieke, 2002; Armstrong-Gold and Rieke, 2003; . ON alpha-like ganglion cells were recorded in flat-mount preparations as previously described . Rod bipolar cells were recorded under whole-cell current or voltage clamp (held at À60 mV) with an internal solution containing (in mM) 110 K-aspartate, 10 HEPES, 5 NMG-HEDTA, 1 MgCl 2 , 0.5 CaCl 2 , 4 Mg-ATP, 0.5 Tris-GTP, 10 L-glutamic acid, and 10 sodium phosphocreatine; pH was adjusted to 7.2 with K-OH, and osmolarity was $280 mOsm. Currents of AII amacrine cells and ganglion cells were measured under voltage clamp (held at À60 mV) with an internal solution containing (in mM) 105 CsCH 3 SO 3 , 10 TEA-Cl, 20 HEPES, 10 Cs 2 -EGTA, 2 QX314-Br, 5 Mg-ATP, and 0.5 Tris-GTP; pH was adjusted to 7.2 with CsOH, and osmolarity was $280 mOsm. Junction potentials ($-10 mV) have not been corrected.
Current-clamped rod bipolar cells had resting membrane potentials of À59 ± 1 mV (mean ± SEM; n = 18). For rod bipolar cells, typical access resistances were 20-50 MU, and input resistances were 1000-1500 MU. For AII amacrine cells, typical access resistances were 40-60 MU, and input resistances were 300-500 MU. For ON alpha-like ganglion cells, typical access resistances were 15-25 MU, and input resistances were 100-150 MU. Access resistances were not compensated. Light responses in rod bipolar cells persisted for 140 ± 40 s (mean ± SD; n = 22) after whole-cell recording began; data were collected during the initial 88 ± 45 s. Light responses in AII amacrine and ganglion cells persisted for the duration of the recording.
Electrical Stimulation
For paired recordings between synaptically coupled rod bipolar cells and AII amacrine cells, 50 ms electrical pulses were delivered to the rod bipolar cell to elicit a robust, but not saturating, postsynaptic response in the AII amacrine cell. Injected pulses ranged from 10 to 40 pA under current clamp and 20 to 40 mV under voltage clamp.
Light Stimuli
Light stimuli were delivered from light-emitting diodes (LEDs) with peak output wavelengths of 470 nm (10 ms flashes) and 513 nm (background light). Calibrated photon fluxes were converted to rates of rhodopsin isomerizations (Rh*/s) using the measured LED spectra and photon flux at the preparation .
Pharmacology
To block inhibitory synaptic transmission, we added the GABA A receptor antagonist gabazine (10 mM), the GABA C receptor antagonist TPMPA (50 mM), and the glycine receptor antagonist strychnine (5 mM) (Figures 3 and 6C-6F) to the superfusion solution.
To determine whether changes in glutamate concentration and/or desensitization or saturation of postsynaptic receptors mediate gain control, we compared the effects of strong and weak glutamate receptor antagonists. The key distinction between the strong and weak antagonists is the difference in their dissociation rate from the receptors. Rapidly dissociating weak antagonists minimize the effects of receptor desensitization and saturation, unlike slowly dissociating strong antagonists. The basis for this difference is described below.
We blocked about half of the AII amacrine cell AMPA receptors using subsaturating concentrations of the weak antagonist kynurenic acid (700 mM) and the strong antagonist NBQX (300 nM) (Figures 6E and 6F) . We estimated the dissociation rate of the antagonist from k off = k on K, where K is the affinity and k on is the binding rate constant (Sampath and Rieke, 2004) . The binding rate constant for glutamate receptor antagonists to the AMPA receptor, k on , ranges from 1 to 50 mM À1 s À1 (Clements et al., 1998) , and the affinity, K, is 172 mM for kynurenic acid (Weber et al., 2001 ) and 24 nM for NBQX (Kovacs et al., 2004) . Using these previously reported values, we calculated that kynurenic acid has a k off of 170-8600 s À1 and that NBQX has a k off of 0.024À1.2 s À1 .
Thus, kynurenic acid dissociates from the AMPA receptor much more rapidly than the $100 ms duration of the flash response and the 50-100 ms separation between flashes in the paired-flash experiments ( Figure 6E ), whereas NBQX dissociates much more slowly. The rapid dissociation of kynurenic acid means that (1) some receptors bound to antagonist and protected from desensitization during the response to the first flash become available during the response to the second flash and (2) competition between kynurenic acid and glutamate decreases the effective glutamate affinity of the receptors. Thus, kynurenic acid protects some receptors from desensitization and saturation. The slow dissociation of NBQX means that the same complement of receptors (those not bound to the antagonist) is largely responsible for responses to both flashes; these receptors are subject to desensitization and saturation. Thus, for a mechanism relying on AMPA receptor desensitization or saturation, the degree of paired-flash depression measured under kynurenic acid should be less than that measured under NBQX. For a mechanism involving changes in glutamate concentration, the degree of paired-flash depression measured in the presence of kynurenic acid should be at least equivalent to that measured in the presence of NBQX.
Measuring Gain
Gain was determined from the correlation between individual responses and a template formed from the average of all responses measured under the same conditions (see Methods of . Gain (G) was normalized to 1 for a single-photon response in the dark (G dark ). Gain values below 1 indicate the action of a gain control.
Kinetics Time Constants
The dependence of normalized gain, G norm on time, t, was fit with a single exponential:
where G norm is either G/G dark in Figure 4D or G pair /G single in Figures 5E and 5F . G 0 is the asymptotic value of the gain, A is a scale factor, and t is the time constant for G norm to reach 37% of its final value.
Quantification of the Degree of Paired-Flash Depression
To quantify paired-flash depression, we subtracted the response to the first flash alone (gray in Figure 5A ) from the response to the flash pair (solid line in Figure 5A ) and divided the result (G pair ) by the response to the second flash (G single ; dashed line in Figure 5A ). As a control, we calculated the gain of the response to the first flash. As expected, the resulting ratio, G pair /G single , was near 1 (Figures 5E, 5F , 6B, 6D, and 6E).
Paired-Flash Depression Can Explain Background-Dependent Changes in Gain
To determine whether the amplitude and kinetic properties of paired-flash depression could predict the background-dependent gain changes measured previously ; Figure 7E ), we first extrapolated the paired-flash depression properties for the absorption of one photon in the rod bipolar cell receptive field. Paired-flash depression was probed at three different flash strengths (1.4, 5, 10 Rh*/rod bipolar). Assuming linearity, we extrapolated the paired-flash depression expected for 1 Rh* effective /rod bipolar ( Figure 5 ). The effective photon absorption in the rod bipolar cell, Rh* effective , accounted for the nonlinearity at the rod-to-rod bipolar synapse that eliminates 0.5-0.75 of the single-photon responses (Field and Rieke, 2002; Field et al., 2005) .
After describing the properties of paired-flash depression for 1 Rh* effective / rod bipolar as G norm (from Equation 1), we transformed this into a time-dependent gain change, D g(t) = 1 À G norm . The predicted instantaneous gain change, D g, was taken as the probability that a photon was absorbed at time t, SP(t), multiplied by the time-dependent gain change caused by a single-photon absorption, D g(t).
The first term describes the mean background light, which can be written as the rate of photon absorptions, R, multiplied by the discrete time step, Dt. The second term becomes the integral of the time-dependent gain change caused by a single-photon absorption, SDg(t).
The predicted gain changes from paired-flash depression could only be calculated up to 1 Rh*/rod/s, at which rod adaptation began. The current calculations ignore spontaneous rod isomerizations, as their rate is $30 times less than the backgrounds where adaptation begins (Burns et al., 2002; Baylor et al., 1984) .
Model of Gain Modulation of Single Photons
We modeled the effect of single photons on the gain of probe stimuli in Figures  7A-7D . First we generated a Poisson train of photon events in darkness and on a mean background light. Then we added probe stimuli delivered at regular intervals ( Figure 7A ). Gain modulations for each photon event were calculated by multiplying the train of photon events by the function D g(t) obtained from paired-flash depression induced by a single photon ( Figure 7B ). At each time point that a probe stimulus was delivered, we multiplied the gain value over a 100 ms template following the time of the flash by the average dim flash response from an AII amacrine cell ( Figures 7C and 7D ).
